Although chondroitin-4-sulfate (CSA) is expressed throughout the microvasculature and CSA-binding infected erythrocytes (IE CSA ) cytoadhere to lung and brain endothelial cells and sequester in male Saimiri sciureus, this phenotype seems to be dependent on the presence of a placenta to develop. This contradiction was investigated by modeling the interactions and cytoadhesion parameters in the microvasculature. Mixtures of IEs interacting with CSA, CD36, or intercellular adhesion molecule 1 were incubated with endothelial cells expressing the corresponding receptors, at physiological pH, under flow conditions. By use of suspensions composed of equal proportions of the phenotypes, cytoadhesion of ∼10 times as many IE CSA as of any other IE tested was observed. Adherent IE CSA resisted microvascular wall shear stresses 3-15 times more effectively than did the others. These results, which require confirmation with field isolates, demonstrate that the CSA phenotype is competitive and are consistent with this phenotype initiating microvessel occlusion and with CSA-mediated sequestration in microvessel conditions.
The cytoadhesion of Plasmodium falciparum-infected erythrocytes (IEs) to the endothelial cells of microvessels is considered to be involved in the pathogenesis of malaria [1, 2] . These adhesion capacities result in the sequestration of late-stage IEs in the microvasculature of various organs, which prevents the clearance of IEs by the spleen. Numerous endothelial receptors for IE cytoadhesion have been identified [2] [3] [4] , and their role in the pathogenesis of severe malaria has been investigated. The chondroitin-4-sulfate (CSA)-binding phenotype has been implicated in malaria during pregnancy [5, 6] , but no other clear correlation has been established between IE adhesion phenotype in vitro and disease syndrome in patients.
In areas where P. falciparum is endemic, immune protection is acquired by age 10 years, which thereby limits malaria-related morbidity and mortality in young children. This protection is based mostly on the development of antibodies directed against variant IE surface antigens [7] . However, the prevalence and severity of malaria increase during the first pregnancies of previously protected women [8, 9] . This heightened susceptibility is associated with the accumulation of IEs in the intervillous spaces of the placenta [10] , although parasites may be absent from peripheral blood [11, 12] . The much higher prevalence of the CSA cytoadhesion phenotype among the IEs sequestered in the placenta [5, 6] than in the peripheral blood [13] [14] [15] [16] suggests that the CSA cytoadhesion phenotype plays a major role for causing malaria during pregnancy. The prevalence of this phenotype is low in nonpregnant patients, and the serum of multigravidae women contains antibodies recognizing IE CSA and inhibiting their adhesion, whereas such antibodies are detected at only very low levels in the serum of children and men or women before the third trimester of their first pregnancy [17, 18] . These observations led to the hypothesis that CSA-binding infected erythrocytes (IE CSA ) could develop only in pregnant women [19] . However, this hypothesis is inconsistent with various observations. CSA is expressed at the surface of endothelial cells in the microvasculature of target organs for sequestration, such as the brain and the lung [20] [21] [22] [23] . All IE CSA from placenta or peripheral blood isolates cytoadhere to endothelial cells [6, [24] [25] [26] . The development of this phenotype is not restricted to pregnant women; IE CSA have been detected in numerous field isolates collected from children, men, and nonpregnant women [14] [15] [16] 26] . IE CSA cytoadhere comparably with that of other phenotypes in flow conditions and better resist increasing wall shear stresses [27] [28] [29] [30] . Finally, in male and nonpregnant female Saimiri sciureus infected with the FCR3 strain, specific sequestration of IE CSA was observed, despite the absence of a placenta [31] .
Therefore, why should IE CSA sequestration be limited to the placenta? We investigated this question by modeling IE cytoadhesion in the microvasculature of the brain and lung. The polyphenotypic aspect of field isolates was simulated by mixing , which are thought to be involved in cerebral malaria [32] . The possible interactions, synergy, and competition among these 3 phenotypes were investigated at physiological pH, by static, and flow-based cytoadhesion assays to endothelial cells from target organs for sequestration, expressing the 3 receptors studied. Under such conditions, the CSA-binding phenotype bound 10 times more efficiently than did the CD36 and intercellular adhesion molecule 1 (ICAM-1) phenotypes. This higher level of binding was correlated with a higher resistance to wall shear stress in interactions between the IE CSA and the endothelial cells. All the characteristics of CSA-mediated cytoadhesion were consistent with a possible role for this phenotype in the initiation of obstruction in the microvessels of target organs for sequestration. Finally, comparison of 2 P. falciparum strains, FCR3 and IPL/BRE1, revealed differences in cytoadhesion capacity, which possibly corresponded to variants of the 3 phenotypes studied.
MATERIAL AND METHODS

Parasites and cells.
Parasites of the FCR3 [33, 34] and IPL/ BRE1 (Bre) [24] strains, as well as the clone D6 (selected from the FCR3 CSA subpopulation by micromanipulation), were studied. IEs were cultured in candle jars, as described elsewhere [35] . The following cell types, which were cultured, as described elsewhere [36] , without being immortalized, were used for cytoadhesion assays without cytokine stimulation: Saimiri brain microvascular endothelial cell (SBEC) 1D, C2, 3A, and 17 [36] and human lung endothelial cells (HLECs) adapted to culture from primary explants [25] . Their constitutive expression of CSA, CD36, and ICAM-1 already has been described elsewhere [24, 25, 36] . Selection by panning. Subpopulations of the FCR3 and Bre strains were selected by 3 successive pannings of maturestage IEs on cellular CSA, CD36, or ICAM-1, as described elsewhere [36, 37] . The phenotype of each subpopulation was checked by cytoadhesion inhibition assays on SBEC 1D (expressing CSA, CD36, and ICAM-1), as described elsewhere [37] . When the level of inhibition of a monophenotypic subpopulation by the corresponding specific inhibitor decreased to !90%, we panned the subpopulation once more or thawed a cryostabilate made immediately after the last panning of the subpopulation.
Parasite labeling. To enable us to differentiate among the phenotypes of IEs in mixtures that were allowed to cytoadhere simultaneously to SBEC 1D or HLECs, we labeled the parasites with fluorescent probes. Aliquots of 200 mL of mature-stage IE pellets were washed with RPMI 1640 at pH 6.8 (cytoadhesion medium) and were incubated for 1 h at 37ЊC with 300 mL of cytoadhesion medium containing the following markers at the indicated final concentrations: 12 mg/mL 4 ,6-diamidino-2-phenylindole (DAPI), 12 mg/mL Texas Red-dextran 10,000 (Molecular Probes), and 8 mg/mL fluorescein isothiocyanatedextran 10,000 (Sigma-Aldrich). IEs then were thoroughly washed, and the suspension was enriched by gelatin flotation. The IEs were finally resuspended in cytoadhesion medium at Viability test. We checked that the fluorescent labels were not toxic by assessing the viability of labeled IEs. The labeled IEs were dispensed into 96-well plates (Becton Dickinson; 6-12 wells for each marker). Parasite growth was assessed after 2 invasions by adding 1 mCi of 3 H-hypoxanthine with a specific activity of 14.1 Ci/mmol (NEN Products) to each well 72 h after labeling. The plates were incubated with the 3 H-hypoxanthine for 24 h and then were frozen and thawed to lyse the IEs. The contents of the well were collected on standard filter microplates (Unifilter GF/B; Packard) and were washed with a cell harvester (FilterMate Cell Harvester; Packard). Filter microplates were dried, and 25 mL of scintillation cocktail (Microscint O; Packard) was added to each well. The incorporation of radioactivity into the IEs was measured by means of a scintillation counter (Top Count; Packard). Parasite growth was assessed by calculating the geometric mean counts per minute of the 6-12 wells. The growth of unlabeled IEs also was assessed and defined as 100% viability.
Static cytoadhesion assays. The subpopulations of fluorescently labeled IEs were mixed in pairs, with each subpopulation comprising 50% of the mixture, or all 3 subpopulations were mixed together, with each subpopulation accounting for 33% of the mixture. Cytoadhesion microassays then were performed on 12-well immunofluorescence assay slides (BioRad), as described elsewhere [37] . The slides were observed (figure 1) by exhaustive photon reassignment microscopy [38] (exhaustive photon reassignment; CELLscan; Scanalytics). The assays were performed in triplicate. Flow-based cytoadhesion assays. HLECs were cultured in microslides (VD/3530-050; Camlab), as described elsewhere [39] . In brief, 45 mL of a HLECs/mL suspension was 6 1 ϫ 10 introduced into the microslides by capilarity, and the cells were allowed to settle for 2 h at 37ЊC. The microslides were immersed in DME-F12 supplemented with 10% vol/vol of fetal calf serum, 15 mg/mL of endothelial cell growth supplement, and 10 mg/ mL of gentamicin and were connected to a peristaltic pump, which changed the medium in the microslide every 15 min. After 48 h, the cells formed a confluent monolayer, and cytoadhesion assays in flow conditions were performed, as described elsewhere [40] [41] [42] . Microslides were connected to a precise in- fusion/withdrawal syringe pump (model 210P; KD Scientific) to control the flow of IE suspension or cell-free medium through the microslide. The other extremity of the microslide was connected to reservoirs containing the IE suspension or cytoadhesion medium (RPMI 1640), through an electronic 3-way valve. The flow rate (Q) required to give the desired wall shear stress (t) was calculated from the dimensions of the microslide and the viscosity of the medium as follows: Q p /6m, where m is the medium viscosity, and w and 2 (t ϫ w ϫ h) h are the internal width and height, respectively, of the microslide. Cytoadhesion was observed by means of an inverted epifluorescence microscope (Eclipse TE200; Nikon), using a Plan Fluor ELWD 40ϫ/0.60 objective (Nikon).
IE suspensions at the desired pH were allowed to flow over HLECs for 10 min at 0.04 Pa. Cytoadhesion medium (RPMI 1640) at the desired pH then was allowed to flow through the microslide for 10 min at 0.04 Pa to remove nonadherent IEs. The level of cytoadhesion then was determined by counting the number of adherent IEs on 5 randomly distributed fields (0.081 mm 2 ). The proportion of each subpopulation within the total population of adherent IEs was determined by counting the fluorescent IEs for each excitation wavelength (200 IEs for each experiment).
Adhesion of IEs from flow. We determined the ability of each subpopulation to cytoadhere to HLECs at different wall shear stresses. The IE suspensions were allowed to flow over the
Detachment of cytoadherent IEs by increasing flow. To determine the resistance of each phenotype to wall shear stress, cytoadherent IEs were subjected to successive washes (10 min) at increasing flow rates corresponding to stresses from 0.08 to 2.56 Pa. The number of IEs that continued to adhere to the HLECs and the proportions of each phenotype among the remaining adherent IEs were determined for each level of stress. We then calculated the stress required to detach 50% of the adherent IEs (SD 50 ). All experiments were performed at a mean room temperature of 24ЊC.
Statistical analysis. The results of the cytoadhesion assays are expressed as of at least 3 different experiments mean ‫ע‬ SD conducted on different days, with a different fluorescent marker used for each subpopulation every time. The Mann-Whitney U test was used to evaluate the statistical significance of the data obtained from cytoadhesion assays.
RESULTS
Viability tests and toxicity of the fluorescent labeling. The possible toxicity of the fluorescent labels used for IEs were investigated by 3 H-hypoxanthine incorporation. Only DAPI labeling (12 mg/mL) was found to be lethal (table 1) . This was expected, and we investigated whether the interaction between DAPI and the parasite DNA was likely to affect the cytoadhesion characteristics of the IEs during the 2 h after labeling. Three aliquots of the CSA-binding subpopulation of the FCR3 strain (FCR3 CSA ) were labeled, each aliquot being labeled with a different probe, and a fourth aliquot was incubated in cytoadhesion medium without a marker to serve as a control. We assessed the adhesion of these IE populations, enriched by gelatin flotation, (table 1) .
Cytoadhesion of each IE subpopulation assayed independently. These controls were performed to verify the ability of both endothelial cell types to support the cytoadhesion of all the IE phenotypic subpopulations independently, in all the experimental conditions used. Since IE CD36 and IE ICAM-1 are not monophenotypic subpopulations, each being able to interact with CD36, ICAM-1, and possibly other nonidentified receptors [37] , these independent cytoadhesion trials provided a better idea of the ability of the endothelial cells to allow for the cytoadhesion of each IE subpopulation than a quantitative determination of the expression of the receptors at the endothelial cell surface. For each experimental condition, we determined the ratio of the IE CSA adhesion level divided by the IE CD36 or IE ICAM-1 adhesion level (table 2) . Twenty-one of the 24 ratios obtained ranged from 1 to 3.
Static competition assays.
We performed static cytoadhesion assays on SBEC 1D and HLECs, which express CSA, ICAM-1, and CD36. The final hematocrit level of all the parasite suspensions was IEs/mL, corresponding to half a mono-6 5 ϫ 10 layer, which thereby prevents effects on cytoadhesion interactions due to steric hindrance. For both strains, regardless of whether 2 or 3 phenotypes were competing together, the proportion of each phenotype in the cytoadherent IE population differed considerably from that in the initial mixture ( figure  2 ). The assays of competition between Bre subpopulations on SBEC 1D (data not shown) provided similar results to those obtained with HLECs used as target cells ( figure 2C and 2F) . In competition assays that involved Bre subpopulations at both pH levels, as well as FCR3 subpopulations at pH 7.2, the CSA phenotype was the most competitive, resulting in an increase in the proportion of IE CSA from 33% or 50% in the initial mixture (3 or 2 phenotypes competing, respectively) to 74%- 
96% in the cytoadherent populations (
). As-.0001 р P ! .0439 says of competition between the CSA-and ICAM-1-binding phenotypes (data not shown) gave results similar to those obtained from assays of competition between the CSA-and the CD36-binding phenotypes. At pH 6.8, competition between the FCR3 subpopulations resulted in a weak but significant predominance of the CSA phenotype (figure 2), except for FCR3 CSA versus FCR3 CD36 on HLECs ( ; figure 2B) . P p .6746 Cytoadhesion assays in flow conditions. Because of the difficulty of growing SBEC 1D in microslides, cytoadhesion assays in flow conditions were carried out only with HLECs as the target cells. We investigated the ability of the various subpopulations to cytoadhere to HLECs, at physiological pH, under increasing wall shear stresses ( figure 3 ). With the exception of Bre , all the subpopulations behaved identically, with a sharp decrease in cytoadhesion with increasing wall shear stress. The decrease was slower for Bre , but these cells had initial cytoadhesion levels only about one-fourth of those of the other subpopulations. At wall shear stresses 10.4 Pa, we observed no significant cytoadhesion.
We then investigated the resistance to wall shear stress of the interactions between the various IE subpopulations and HLECs, at both pH levels, by testing various flow constraints of the medium flushed through the microcapillary ( figure 4) were continually detached, resulting in a total loss of 95% of the initially cytoadherent IEs (SD 50 , 0.25 Pa), whereas cytoadherent Bre ICAM-1 completely resisted wall shear stresses of up to 0.64 Pa (SD 50 , 1.68 Pa).
All interactions were weaker at pH 7.2 than at pH 6.8. For the FCR3 strain, almost all the adherent IEs resistant to wall shear stresses higher than those found in the placenta were of the CSA phenotype (SD 50 p 1.16 Pa), and the cytoadherent figure 5D , are presented individually. B, Phenotypic subpopulations were mixed together in equal proportions and were allowed to cytoadhere for 10 min on human lung endothelial cells under a wall shear stress of 0.04 Pa. Cells were washed for 10 min with cytoadhesion medium (RPMI 1640) at a wall shear stress of 0.04 Pa, and proportion of each phenotype within the cytoadherent IEs was determined by fluorescence. Cells then were washed with medium flushed through the slide to give increasing wall shear stress (successively 0.08, 0.16 and 0.32 Pa), with each wall shear stress maintained for 10 min, and proportion of each phenotype among the IEs that continued to be cytoadherent was determined. Data are from 1 representative experiment.
IEs of the CSA-binding clone D6 resisted all wall shear stresses tested (data not shown). In contrast, 76% of FCR3 ICAM-1 were detached at 0.08 Pa and !35% of the cytoadherent FCR3 CD36 resisted the lowest wall shear stress found in microvessels ( and 0.07, respectively). Bre CSA behaved similarly SD p 0.06 50 at both pH values, with 34% of cytoadherent IEs detached at 2.56 Pa (pH 7.2). For Bre ICAM-1 and Bre CD36 , significant decreases in cytoadhesion were observed at 0.08 and 0.16 Pa, respectively, with SD 50 at 0.13 and 0.47 Pa, respectively.
Competition assays in flow conditions. The competitive cytoadhesion assays performed under flow conditions provided similar results for both strains (figure 5), as well as for the CD36-and ICAM-1-binding phenotypes (data not shown). At pH 6.8, the proportions of the phenotypes among cytoadherent IEs were similar to those in the initial mixture. At pH 7.2 and for both strains, the IE CSA strongly dominated in competition with another phenotype (86%-90%) or if all 3FCR3 subpopulations were allowed to compete with each other simultaneously (80%). When the 3 Bre subpopulations were allowed to compete, the CSA phenotype predominated among the cytoadherent IEs (56%; figure 5D ), but considerable differences were observed between experiments (figure 6A). However, the marked predominance of the CSA phenotype was restored as wall shear stress was increased (figure 6B).
DISCUSSION
The recently described cryptic cycle of IE CSA [43] may account for the low prevalence of this phenotype in field isolates [5, 13, 15, 26, 44 ] , as well as for its absence from the peripheral blood of a large number of pregnant women (3-4 of 7 patients reported by Fried and Duffy [5] and 6-8 of 18 patients reported by Beeson et al. [15] ). However, the restriction of anti-IE CSA antibodies to pregnant women seems to be a strong argument for the limitation of this phenotype to pregnancy. Among the hypotheses that may explain this supposed limitation, we investigated the possible interactions among IEs of different phenotypes and between IEs and endothelial cells that could interfere with IE CSA cytoadhesion. We developed an interactive model of cytoadhesion under physiological pH and flow conditions. The wall shear stresses that were used corresponded to placental and postcapillary venule conditions [45] . The endothelial cells expressed CSA (with 45% of 4-sulfated disaccharides [46] , as required for optimal interaction [47] ), CD36, and ICAM-1. The polyphenotypic composition of field isolates (e.g., [14-16, 26, 48] . IE CSA is a monophenotypic subpopulation and can be considered to be IEs interacting exclusively with CSA, whereas it must be understood that IE CD36 and IE ICAM-1 were selected for their ability to interact with CD36 or ICAM-1 and are able to use CD36, ICAM-1, and possibly other receptors to cytoadhere. However, IE interacted exclusively by rolling on endothelial cells, as described elsewhere [27] .
The patterns of adhesion obtained under increasing wall shear stresses were similar to those already described elsewhere [27] [28] [29] 49] . In all cases, the ability to establish the interaction between IEs and endothelial cells was limited to wall shear stresses consistent with a sequestration in postcapillary venules, as described elsewhere [50] [51] [52] . Once the cytoadhesion was established at 0.04 Pa, important variations of the resistance of the attachment to increasing wall shear stresses were observed among the 3 phenotypes, as described elsewhere [27, 28] , and for each phenotype among the 2 strains. At physiological pH, only IE CSA cytoadhere sufficiently strongly to resist the wall shear stresses observed in the microvasculature (0.1-1 Pa [53] ). Thus, IE CSA is the best adapted of the 3 phenotypes studied to sequester in the microvasculature of target organs. Given its cytoadhesion characteristics, the presence of the CSA phenotype may be essential to initiate the obstruction in small microvessels and to maintain this obstruction against the resulting increases in wall shear stress and pressure.
We investigated the cytoadhesion behavior of the phenotypic subpopulations when mixed in equal proportions, to allow for synergistic or competitive interactions. We observed a striking predominance of the CSA phenotype among the IEs that cytoadhered at pH 7.2 (the ratios between the adhesion levels of IE CSA and that of the other subpopulations ranged from 6 to 25). This finding was unexpected in view of the adhesion level of each subpopulation assayed individually (ratios ranging from 1 to 6). It may result from the ability of some phenotype(s) to regulate the cytoadhesion of other(s) or from differences in the competitiveness of the phenotypes for cytoadhesion. For instance, IE CSA established a stable interaction with the endothelial cells faster than did the other phenotypes (data not shown), which allowed interference with the cytoadhesion of IE CD36 and IE ICAM-1 possibly by modification of the endothelial cell surface. Because of the differences in the cytoadhesion competitiveness observed among the 3 phenotypes studied, the importance of a phenotype in sequestration cannot be estimated in adhesion assays to purified receptors or cells expressing only 1 type of receptor. Our data also demonstrate the importance of the experimental conditions used. Performing prevalence assays at pH 6.8 might bias the results toward an underestimation of the role of highly competitive minor phenotypes and overestimation of the role of poorly competitive major phenotypes.
In light of our data, it appears that the notion of cytoadhesion phenotype might not be homogeneous enough to observe correlation between the phenotypes detectable in the peripheral blood of patients and the severity of the clinical case. Because of the difference in their cytoadhesion resistance to wall shear stress, FCR3 CD36 and Bre CD36 may not result in the same complications in vivo. Identical considerations apply when comparing the homogeneous strong-binder Bre CSA subpopulation, or D6 clone, with the heterogeneous FCR3 CSA subpopulation. The pathogenicity of IE may rely less on the endothelial receptor with which they interact than on the strength of the interaction or on the length of the CSA chain with which they can interact [6, 37] .
These variations also may account for organ tropism. A weak adhesion may limit the sequestration in organs were the wall shear stress low, like the placenta, whereas a strong interaction would allow for sequestration in the microvasculature.
It is paradoxical that the most adapted phenotype for microvessel sequestration should be limited to placental cytoadhesion. Besides the observation that some serum samples from children and men inhibit CSA-mediated cytoadhesion (authors' unpublished data), the demonstration of the existence of variants of the CSA phenotype raises the possibility that the immune response may not be quantitatively equal in all patients and may depend on the variants with which they are infected. In addition, since IE CSA cytoadhesion is optimal for the total clogging of microvessels, contacts between the antigen-presenting cells (APCs) of the immune system and IE CSA in the deep microvasculature may be limited. In contrast, immune competent cells in placenta have direct access to IE CSA , which facilitates the buildup of an antibody-associated immune response.
If confirmed with field isolates, our results raise important questions concerning the role of the CSA phenotype in Plasmodium species biology. Although their is no doubt that they can cytoadhere in microvascular conditions, IE CD36 and IE ICAM-1 nevertheless seem to be inefficient at causing microvessel occlusion. In the absence of a more competitive phenotype, their sequestration may be limited to "large" microvessels (always accessible to APCs), like 20-mm diameter postcapillary venules, where partial clogging would not result in a significant increase of the wall shear stress. For a more complete occlusion of the microvessels or for sequestration in small microvessels, the IEs of a more competitive phenotype may be necessary. With a cryptic cycle and cytoadhesion characteristics conferring a special immune status, IE CSA may constitute a reservoir of parasites, possibly regulated by phenotype switching [6, 54] to prevent the permanent obstruction of microvessels. Further analysis of the various hypothesis discussed here will require a direct determination of the phenotypes of the IEs sequestered in organs such as the brain and lung, by flushing IEs from organ necropsy samples or by using specific antibodies able to recognize IE CSA in organ cryosections [55] .
